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METAL OXIDE-ENCAPSULATED
DYE-SENSITIZED PHOTOANODES FOR
DYE-SENSITIZED SOLAR CELLS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority from U.S. provisional
patent application No. 61/600,252, filed on Feb. 17, 2012, the
entire contents of which is incorporated herein by reference.

REFERENCE TO GOVERNMENT RIGHTS

This invention was made with government support under
DE-SC0001059 awarded by Department of Energy. The gov-
ernment has certain rights in the invention.

BACKGROUND

Dye-sensitized solar cells (DSCs) have great potential to
compete with conventional p-n junction solar cells due to
their relatively low-cost. However, one practical limitation of
existing DSC designs is the tendency, over time, for dyes to
detach (desorb) from the photoelectrode. Once detached,
these sensitizers no longer contribute to the cell’s photocur-
rent, thereby resulting in lower cell performance. This behav-
ior is thought to be due to competitive adsorption of water,
which may enter the cell over time via capture of moisture
from air surrounding the cell. A second practical problem is
the degradation of cell performance (energy conversion effi-
ciency) when a conventional redox-electrolyte-containing
organic solvent is replaced by water. The performance short-
fall is thought primarily to reflect problems in getting aqueous
solutions to completely permeate high-area, mesoporous
photoelectrodes. Nevertheless, the ability to use water as the
cell solvent would reduce materials costs and make the cells
greener by eliminating hazards associated with disposal or
leakage.

SUMMARY

Dye-sensitized semiconducting metal oxide films, meth-
ods of making the dye-sensitized semiconducting metal oxide
films and dye-sensitized solar cells incorporating the films as
photoanode materials are provided.

One embodiment of a dye-sensitized semiconducting
metal oxide film comprises: (a) a porous film comprising a
semiconducting metal oxide, the porous film having a sur-
face; (b) photosensitizing dye molecules adsorbed onto the
surface of the porous film, the photosensitizing dye molecules
comprising a chromophore and a molecular anchoring group,
wherein the molecular anchoring group attaches the dye mol-
ecule to the porous film; and (¢) an encapsulating layer of the
semiconducting metal oxide, wherein the encapsulating layer
at least partially encapsulates the molecular anchoring
groups, but does not cover the chromophores.

One embodiment of a dye-sensitized solar cell comprises:
(a) a photoanode comprising a transparent conductive sub-
strate and a film disposed on a surface of the transparent
conductive substrate; (b) a counter electrode comprising an
electrically conductive material in electrical communication
with the photoanode; and (c) a redox electrolyte disposed
between, and in electrical communication with, the photoan-
ode and the counter electrode. In this embodiment, the pho-
toanode film comprises: (i) a porous film comprising a semi-
conducting metal oxide, the porous film having a surface; (ii)
photosensitizing dye molecules adsorbed to the surface of the
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porous film, the photosensitizing dye molecules comprising a
chromophore and a molecular anchoring group, wherein the
molecular anchoring group attaches the dye molecule to the
porous film; and (iii) an encapsulating layer of the semicon-
ducting metal oxide, wherein the encapsulating layer at least
partially encapsulates the molecular anchoring groups, but
does not cover the chromophores

A method of making a dye-sensitized semiconducting
metal oxide films comprises the steps of: (a) adsorbing pho-
tosensitizing dye molecules onto the surface of a porous film
comprising a semiconducting metal oxide, the photosensitiz-
ing dye molecules comprising a chromophore and a molecu-
lar anchoring group, wherein the molecular anchoring group
attaches the dye molecule to the porous film; and (b) depos-
iting a layer of the semiconducting metal oxide on the porous
film via atomic-layer-deposition, such that the encapsulating
layer at least partially encapsulates the molecular anchoring
groups, but does not cover the chromophores.

Other principal features and advantages of the invention
will become apparent to those skilled in the art upon review of
the following drawings, the detailed description, and the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Ilustrative embodiments of the invention will hereafter be
described with reference to the accompanying drawings,
wherein like numerals denote like elements.

FIG. 1. Schematic diagram of the ALD deposition of a
metal oxide encapsulating layer on a metal oxide nanopar-
ticle, highlighting the layer-by-layer nature of the deposition
process.

FIG. 2 is a schematic diagram showing the post-assembly
atomic-layer-deposition of the TiO, encapsulating layer on a
TiO, nanoparticle-based electrode.

FIG. 3. Photographs of a water droplet on a TiO,:OrgD film
(left, A) with a contact angle of 118+0.9° and a TiO,:OrgD/8
TiO, ALD film (right, B) with a contact angle of 46+1.5°.

DETAILED DESCRIPTION

Dye-sensitized semiconducting metal oxide films for pho-
toanodes, photoanodes incorporating the films and DSCs
incorporating the photoanodes are provided. Also provided
are methods of using the DSCs to convert solar radiation into
electricity and methods for making the dye sensitized semi-
conducting metal oxide films.

The methods of making the films are based on the deposi-
tion of an encapsulating layer of a semiconducting metal
oxide, such as titanium dioxide (TiO,), around the molecular
anchoring groups of photosensitizing dye molecules attached
to the surface of an electrode comprising a porous film of the
semiconducting metal oxide. The encapsulating layer of
semiconducting metal oxide is formed in such a way that it is
not coated over the chromophores of the adsorbed dye mol-
ecules and, therefore, allows the dye molecules to remain
electrochemically addressable. The methods utilize atomic-
layer-deposition (ALD) to form a conformal coating of the
semiconducting metal oxide on the surface of the porous film
and around at least a portion of the molecular anchoring
groups of the attached dye molecules. The use of ALD is
advantageous due to its remarkably conformal coating behav-
ior, its comparatively low deposition-temperature require-
ments (i.e., typically less than 150° C.), and its high resolution
with regard to thicknesses of deposited layers.

The encapsulating layer enhances the desorption stability
of the attached dye molecules relative to the desorption sta-
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bility of the attached dye molecules in the absence of the
encapsulating layer. In addition, the encapsulating layer
increases the hydrophilicity of the dye-sensitized semicon-
ducting metal oxide films by bring the surface of the semi-
conducting metal oxide closer to the chromophores of the
attached dye molecules. As a result, an aqueous solution in
contact with the dye-sensitized semiconducting metal oxide
film does not have to penetrate as far through the dye layer,
which is typically hydrophobic, before coming into contact
with the surface of the semiconducting metal oxide, which is
more hydrophilic. This enhanced hydrophilicity renders the
dye-sensitized semiconducting metal oxide films well-suited
for use as electrodes in dye-sensitized solar cells having aque-
ous electrolytes.

Without intending to be bound to any particular theory of
the invention, it is believed that the encapsulating layer of
metal-oxide material may protect the molecular anchoring
groups against displacement by physically blocking water
molecules or hydroxide ions from reaching the anchoring
site, and/or by enabling an anchoring oxygen atom (e.g., from
a carboxylate anchoring group) to interact with multiple
metal cations.

The semiconducting metal oxide of the porous film can be,
for example, a semiconductor material with a high bandgap,
such that it is capable of transporting photo-excited electrons,
injected from the adsorbed dye molecules, to a collector. The
porous film is desirably highly porous so that it provides a
large surface area for dye loading. High surface area porous
films can be comprised of, for example, metal oxide nanopar-
ticles. For the purposes of this disclosure, the term nanopar-
ticles refers to a collection of particles having a nominal
average diameter of no greater than about 1000 nm. This
includes particles having a nominal average diameter of no
greater than about 500 nm, no greater than about 100 nm and
no greater than about 50 nm. The porous film is typically quite
thin with a thickness of, for example, 20 um or less.

Titanium dioxide is an example of a semiconducting metal
oxide from which the porous film can be formed and which
can be deposited as an encapsulating layer via ALD. How-
ever, the porous film and the encapsulating layer may be
comprised of (or may consist of, or consist essentially of)
other semiconducting metal oxides, such as zinc oxide (ZnO)
and tin oxide (SnO,). Mixtures of these metal oxides may also
be used.

The photosensitizing dye molecules adsorbed onto the sur-
face of the semiconducting metal oxide film can be, for
example, metal-containing organic dye molecules, such as
metalloporphyrins or ruthenium complexes. Alternatively,
the dye molecules can be metal-free organic molecules, such
as coumarins, indolines, oligoenes, merocyanines, hemicya-
nines,  oligothiophenes, functionalized  thiophenes,
squaraines, benzothiadiazoles, perylenetetracarboxylic acid
derivatives, diphenylaminostyrenes, phthalocyanines, and
croconaine. The coating formed by the dye molecules is typi-
cally a monolayer coating. Molecular anchoring groups that
may be used in the photosensitizing dye molecules include
carboxylate groups, tetramethylsilane groups, cyanoacrylic
acid groups, SO;H groups and PO,H groups (phosphonate
groups), acetyl-acetonate groups, and hydroxamate groups.

The dye-sensitized semiconducting metal oxide film is
formed by adsorbing photosensitizing dye molecules onto the
surface of a porous film comprising a semiconducting metal
oxide, wherein the dye molecules comprise chromophore
groups and molecular anchoring groups linking the chro-
mophore groups to the porous film, and further wherein inter-
stices exist between the molecular anchoring groups. Subse-
quently, a layer of the semiconducting metal oxide is
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deposited on the porous film via atomic-layer-deposition,
such that the encapsulating layer at least partially, and in some
embodiments entirely, encapsulates the molecular anchoring
groups, but does not cover the chromophores of the photo-
sensitizing dye molecules. The atomic-layer-deposition is a
layer-by-layer deposition process in which the porous film is
repeatedly and sequentially exposed to metal-containing pre-
cursor molecules and oxygen-containing precursor mol-
ecules which react to form a metal oxide, typically under
elevated temperatures. The resulting metal oxide layer has a
substantially uniform thickness that is conformal with the
underlying porous metal oxide surface. The thickness of the
encapsulating layer is desirably no greater than the height of
the molecular anchoring groups on the dye molecules, such
that the layer may extend up to but does not cover the chro-
mophore groups. In some embodiments, the encapsulating
layer has a thickness of no greater than about 5 nm (e.g., from
about 0.5 to about 4 nm or from about 1 to about 3 nm). FIG.
1 is a schematic diagram showing the atomic-layer-deposi-
tion of an encapsulating layer of semiconducting metal oxide
102 on portion of a dye-sensitized metal oxide film, which is
represented by a metal oxide nanoparticle 104. In this
embodiment, the dye 106 is a thiophene dye having a terminal
aryl amine substitution and the molecular anchor comprises a
carboxylate group that is completely encapsulated by the
encapsulating layer. As shown in the diagram the encapsulat-
ing layer extends around, and fills-in the interstices between,
the molecular anchors of the dye molecules, such that the
molecular anchoring group is embedded in the metal oxide.

The photoanodes comprising the coated metal oxide thin
films can be incorporated into a DSC. In one embodiment, the
resulting DSC comprises: (a) a photoanode comprising a
transparent conductive substrate, such as a transparent con-
ductive oxide substrate, and a dye-sensitized, porous semi-
conducting metal oxide film disposed on a surface of the
transparent conductive substrate, wherein the film comprises
an encapsulating layer of the semiconducting metal oxide at
least partially encapsulating the molecular anchoring groups,
but not covering the chromophores of the dye molecules; (b)
a counter electrode comprising an electrically conductive
material (e.g., a Pt electrode) in electrical communication
with the photoanode; and (c¢) a redox electrolyte disposed
between, and in electrical communication with, the photoan-
ode and the counter electrode.

The electrolyte typically comprises a redox active salt and
a solvent. Organic solvents may be used in some embodi-
ments of the DSCs. However, because the encapsulating lay-
ers enhance the hydrophilicity of the photoanodes, the pho-
toanodes are well-suited for use in DSCs that use water as the
electrolyte solvent—that is, aqueous electrolytes.

Compared to DSCs that have the same structure except that
the photoanode lacks the encapsulating layer, the present
DSCs are able to provide improved performance including
higher open-circuit photovoltage, improved short-circuit
photocurrent and higher solar to electrical conversion effi-
ciencies. For example, in some embodiments the DSCs pro-
vide short-circuit photocurrent densities and/or electrical
conversion efficiencies of at least 25% (e.g., from about 25%
to about 40%).

EXAMPLE

This example illustrates how a TiO, encapsulating layer on
a dye-sensitized TiO, anode reduces the desorption of dye
molecules and thereby improves the performance of photo-
voltaic devices. FIG. 2 is a schematic diagram showing the
post-assembly atomic-layer-deposition of the TiO, encapsu-
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lating layer on a TiO, nanoparticle-based electrode. Panel (A)
of FIG. 2 is a representation of a metal oxide nanoparticle 202
surface that has been photosensitized with a layer of dye
molecules 204. Panel (B) shows the initial stages of the ALD
process in which metal- and oxygen-containing precursor
molecules 206 are being deposited onto the nanoparticle sur-
face. Panel (C) is an illustration of the resulting ALD encap-
sulating layer 208, which extends up to the termini of, but
does not cover, the chromophores of the dye molecules. The
enlarged inset of panel (D) shows the structure of the dye
molecules, including the anchoring groups, and the metal
oxide ALD layer.

Materials and Methods:

Preparation of OrgD-Containing Photoanodes and Post-
ALD Treatment: The organic dye (OrgD) was synthesized
and purified as published. (K. R. Justin Thomas, K. R.; Hsu,
Y.-C.; Lin, J. T.; Lee, K.-M.; Ho, K.-C.; Lai, C.-H.; Cheng,
Y.-M.; Chou, P.-T. Chem. Mater. 2008, 20, 1830.) Fluorine-
doped tin oxide (FTO) coated glass plates (Hartford Glass,
TEC 15) were immersed in 40 mM TiCl, (aqueous) at 70° C.
for 30 min and washed with water and ethanol. A transparent
TiO, layer on the FTO glass plate was prepared by doctor
blade printing a commercially available TiO, paste (avg. 20
nm, Dyesol, DSL-90-T) and then drying the paste for 2 h at
25°C. The TiO, electrodes were gradually heated under flow-
ing air at 325° C. for 15 min, at 375° C. for 15 min, at 450° C.
for 15 min, and at 500° C. for 15 min. The resulting layer was
a 6 pum thick transparent layer. The active section of the
photoelectrode was then geometrically defined by using a
razor blade to remove material that would fall outside of the
intended illumination area. This step eliminated artifacts
(overly large photocurrents) due to light leakage onto por-
tions of the electrode that were not intentionally illuminated.
The photoelectrodes were treated again with TiCl, at 70° C.
for 30 min and sintered at 500° C. for 30 min. Dye adsorption
was accomplished by soaking the TiO, films in a 0.3 mM
suspension solution (THF/EtOH=1/4) of OrgD. After 12 h,
the films were soaked in clean THF for 1 hour to remove the
aggregated/unanchored dye molecules, washed with copious
amount of the above solvent, and dried with a nitrogen
stream.

TiO, ALD post-coating was performed with a Savannah
100 instrument (Cambridge Nanotech Inc.), using titanium
tetraisopropoxide (TTIP) and distilled water as a titanium and
an oxygen source, respectively. TiO, was grown at 110° C.
using reactant exposure times of 8 and 5 s for TTIP and water,
respectively, and nitrogen purge times of 30 s between expo-
sures. The growth rate of TiO, on flat platforms, as deter-
mined by ellipsometry, was 0.96 A/cycle; it was assumed that
the growth rate on the TiO, nanoparticles was identical with
the ellipsometry result. Once the ALD deposition was com-
pleted, the partially-completed solar cells were cooled in
dried nitrogen to near room temperature before their removal
from the deposition chamber. The treated samples were kept
in vacuum after the TiO, ALD deposition until the remainder
of'the cell construction was completed by adding the electro-
lyte and the back contact. This handling procedure protected
the dye from contamination and/or oxidation by the ambient
air.

Assembly of Photovoltaic Cells: Cathode/anode pairs were
combined in each case with a 60-um-thick Surlyn polymer
film (Surlyn-1702, Dupont) that served as a spacer and
defined the perimeter of a photoelectrochemical sealing. The
components were permanently combined by placing them on
a hotplate at 90° C. and allowing the spacer to melt slightly.
Tin-coated copper wires were connected to each electrode
with silver epoxy. ~30 uL of the electrolyte-containing solu-
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tion was drop-casted onto the drilled hole on the back side of
the platinized cathode and then vacuum-loaded into the cell.
After residual electrolyte around the hole was removed, the
hole was sealed by melting a sheet of Surlyn polymer film that
was inserted between the backside of the FTO and a micro
cover glass slide. Finally, a photo-mask (black tape) as an
aperture was applied on top of the active area of each cell.

Preparation of Dye-Sensitized TiO, Film for UV-Vis Spec-
troscopic and Electrochemical Measurement: the samples for
UV-vis measurement were mesoporous thin films (~3 pm) of
TiO, nanoparticles. A transparent TiO, layer on the ITO or
glass plate was prepared by doctor blade printing commer-
cially available TiO, paste (avg. 20 nm, Dyesol, DSL-90-T)
and then drying for 2 h at 25° C. The TiO, electrodes were
gradually heated under flowing air at 325° C. for 15 min, at
375° C. for 15 min, at 450° C. for 15 min, and at 500° C. for
15 min. The resulting slides were sensitized by submerging
the film in a 0.3 mM solution of OrgD or N719 for 2 hour. The
sensitized films were rinsed with THF or CH;CN and dried
under a stream of N, gas.

Electrochemical Measurements: Cyclic voltammetry
experiments were carried out with a CHI900 instrument (CH
Instruments, Inc.) using three electrode cell assemblies.
OrgD-sensitized TiO, film and Pt wire were used for the
working and counter electrode, respectively. An Ag/AgNO,
couple was employed as a reference electrode. Measurements
were carried out in nitrogen-saturated CH,Cl, (10 mL) with
tetra-n-butylammoniumhexafluorophosphate (Bu,NPF) as
a supporting electrolyte (0.1 M) at a scan rate of 100 mV/s.
For measurement in water, potassium phosphate mono-basic-
sodium hydroxide buffer solution (0.05 M) was used as sol-
vent. An Ag/AgCl couple (in saturated KCI solution) was
employed as reference electrode.

Instrumentation: UV-Vis spectra of samples were recorded
on a Varian Cary 5000 UV-VIS-NIR spectrophotometer. The
photocurrent-density-to-applied-voltage (J-V) curves and
IPCE curves of photovoltaic cells were obtained using a
home-made set-up which consists of xenon lamp, an AM 1.5
light filter, and a CHI 1202 Electrochemical Analyzer (CHI
instruments). The power of filtered light was calibrated with
an optical power meter (OPM) and adjusted to 100 mW/cm?.

Results:

TiO, was selected as the encapsulating layer material due
to its extraordinary chemical stability, even under extremes of
pH condition; its shielding/scavenging activity toward
humidity and oxygen; and its compositional matching with
the underlying electrode.

The intensity of the broad visible-region absorption spec-
trum of OrgD on nanoparticulate TiO, films was not signifi-
cantly altered by subsequent ALD of additional TiO,—im-
plying that the dye was not degraded by the metal-oxide
formation process. However, the OrgD absorbance wave-
length maximum, A,,, ., was affected. The peak shifted to the
red by about 2 nm per ALD cycle for the first ten cycles, with
little additional shifting occurring thereafter. In view of the
donor-acceptor character of OrgD, significant shifts in A,
can be expected whenever the polarity or dielectric strength
of the local environment is altered. Here the initial environ-
ment (presumably vacuum+neighboring dye molecules) was
changed to TiO,, a high-dielectric semiconductor. Assuming
aTiO, growth rate of 1 A per ALD cycle, the spectral results
suggest that OrgD was largely encapsulated when the thick-
ness of the ALD coating reached 10 A. Additional experi-
ments (cyclic voltammetry) showed that OrgD remained
electrochemically addressable after ALD treatment, with
essentially no change in the magnitude of the transient current
associated with dye oxidation.
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The modified structures (Ti0,:0rgD/8 TiO, ALD) were
examined to assess their ability to resist dye loss to solution.
Although water is the nominal culprit, the competitive adsor-
bate instead may be the hydroxide ion. Commonly included at
high concentration (~0.5 M) in nonaqueous electrolyte solu-
tions for DSCs, because of its propensity to suppress dark
currents, is tert-butyl-pyridine (ITBP). As a reasonably effec-
tive Bronsted base, TBP can be expected to extract protons
and convert any residual or moisture-derived water molecules
in DSC solutions nearly quantitatively to hydroxide ions.
Therefore, accelerated tests of dye desorption could be done
by employing a receiver solution of ethanol (desirable
because of the typically good high solubility of organic dyes
in this solvent) that had intentionally been made basic by
addition of NaOH. Ideally, the acceleration protocol would
cause unprotected dye molecules to be desorbed in minutes or
hours rather than months or years. As detailed further below,
ethanolic solutions with apparent pH of ~10.7 proved suitable
(i.e., 0.5 mM NaOH).

Visible-region absorption spectra for TiO,:0rgD/8 TiO,
ALD and TiO,:0rgD, respectively, were obtained following
soaking in the basic ethanol solution for times ranging from 0
to 72 hours. The absorbance at various times t relative to the
initial absorbance (i.e. A,/A,) was graphed and the unpro-
tected dye could be seen to desorb much more rapidly than the
ALD-protected version. After 24 hours the initially intense
orange TiO,:0rgD electrode had become pale yellow, while
TiO,:0rgD/8 TiO, ALD assembly remained strongly col-
ored. A comparison of approximate half lives for dye loss
showed that treatment of an electrode with 8 ALD cycles of
TiO, slowed the desorption process by about one-and-a-half
orders of magnitude, i.e. roughly 50-fold.

The stabilizing eftect of the ALD TiO, encapsulating layer
against dye desorption extended to the ruthenium-based dye,
N719, using water as the solvent—albeit, to a lesser degree
than observed with OrgD in basic ethanol.

It is notable that the surface energy of TiO,:OrgD photo-
electrodes, as gauged by water contact-angles (0,,,,.,), was
significantly changed by the post-assembly ALD of TiO,. As
illustrated by the schematic diagram in FIG. 3, prior to ALD
the surface was hydrophobic, but after ALD it was hydro-
philic. The initial hydrophobicity was expected, given the
phenyl terminating groups of adsorbed OrgD. As suggested
by the cartoons in FIG. 3, and supported by the observations
above regarding asymptotic OrgD spectral shifts with
increasing numbers of ALD cycles, the hydrophilic behavior
of the modified electrode can be interpreted as arising from
the extension of TiO, to near the dye termini via ALD-based
filling of the dye-layer interstices. Thus, the aqueous solution
was able to contact the metal-oxide without first penetrating
the entire thickness of the dye layer. On a larger scale, local
hydrophilicity should engender solution permeation of pho-
toelectrode mesopores. In turn, a larger fraction of dye mol-
ecules should be redox-active. Indeed, although complicated
by irreversibility, cyclic voltammetry experiments with
hydrophobic and hydrophilic electrodes indicated a larger
number of redox-active dye molecules for the hydrophilic
version of the electrode.

With these differences in mind, the performance of DSCs
containing either untreated or post-assembly-treated photo-
anodes in aqueous electrolyte were compared. Specifically,
cell solutions of distilled water containing 0.05 M iodine, 2 M
1-butyl-3-methylimidazolium iodide (DMPImI), 0.1 M
guanidinium thiocyanate (GuSCN), and 0.5 M TBP were
used. (The higher-than-typical concentration of DMPImI was
used to ensure miscibility or dissolution of other components
in water.) For simplicity, thin photoelectrodes (6 pum, rather
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than the 10 to 12 um thickness typically used when seeking
maximum DSC efficiencies) were examined comparatively.
Additionally, the TiO, light-scattering layer the goal was not
to produce a champion DSC, but to understand what limited
DSC performance. In the aqueous DSCs, the untreated TiO,:
OrgD electrodes gave a short-circuit photocurrent density
(I,.) of 3.95 mA/cm?, an open-circuit photovoltage (V,_) of
750 mV, an overall cell fill-factor (FF) of 0.70, and an overall
light-to-electrical-energy conversion efficiency (1) 0of 2.06%.
Under the same conditions, the post-assembly ALD-treated
photoelectrodes yielded significantly better performance: a
Jsevalueof 5.05 mA/cm?, aV,_of 760 mV, an FF 0£0.69, and
an overall efficiency of 2.65%. The increased photocurrent in
the ALD-treated cell can be understood in terms of enhanced
access of the aqueous electrolyte to the highly porous, but
initially hydrophobic, photoelectrode surface.

This example demonstrates, functional encapsulation of
carboxylate-anchored photosensitizing dyes on high surface-
area, nanoparticulate TiO, photoelectrodes via post-assem-
bly atomic-layer-deposition of additional TiO, to form a TiO,
encapsulating layer that at least partially encapsulates the
molecular anchoring groups of the dye molecules. The ALD
treatment served to isolate and protect dye anchoring groups
from displacement by water molecules or hydroxide ions. As
a consequence, under conditions designed to achieve rapid
dye desorption (i.e., accelerated stability testing) the rate of
desorption was slowed by ca. 50-fold.

The ALD treatment additionally served to make the ini-
tially hydrophobic surface of a representative organic-dye/
TiO,-photoelectrode assembly significantly hydrophilic.
This change, in turn, facilitated permeation of the assembly’s
mesopores by aqueous electrolyte, boosted the fraction of
adsorbed dyes that were redox accessible, and enhanced the
ability of the DSC to function with water as a solvent.

The word “illustrative” is used herein to mean serving as an
example, instance, or illustration. Any aspect or design
described herein as “illustrative” is not necessarily to be con-
strued as preferred or advantageous over other aspects or
designs. Further, for the purposes of this disclosure and unless
otherwise specified, “a” or “an” means “one or more”. Still
further, the use of “and” or “or” is intended to include “and/
or” unless specifically indicated otherwise.

The foregoing description of illustrative embodiments of
the invention has been presented for purposes of illustration
and of description. It is not intended to be exhaustive or to
limit the invention to the precise form disclosed, and modifi-
cations and variations are possible in light of the above teach-
ings or may be acquired from practice of the invention. The
embodiments were chosen and described in order to explain
the principles of the invention and as practical applications of
the invention to enable one skilled in the art to utilize the
invention in various embodiments and with various modifi-
cations as suited to the particular use contemplated. It is
intended that the scope of the invention be defined by the
claims appended hereto and their equivalents.

What is claimed is:

1. A dye-sensitized semiconducting metal oxide film com-
prising:

(a) a porous film comprising a semiconducting metal

oxide, the porous film having a surface;

(b) photosensitizing dye molecules adsorbed directly onto

the surface of the porous film, each of the photosensitiz-
ing dye molecules comprising a chromophore and a
molecular anchoring group, wherein the molecular
anchoring group of the each of the photosensitizing dye
molecules attaches the chromophore of the each of the
photosensitizing dye molecules to the porous film; and
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(c) an encapsulating layer on the surface of the porous film,
the encapsulating layer comprising the semiconducting,
metal oxide, wherein the encapsulating layer at least
partially encapsulates the molecular anchoring group of
the each of the photosensitizing dye molecules, but does
not cover chromophore of the each of the photosensitiz-
ing dye molecules the.

2. The film of claim 1, wherein the encapsulating layer
extends at least up to the chromophore of the each of the
photosensitizing dye molecules.

3. The film of claim 1, wherein the semiconducting metal
oxide is titanium dioxide.

4. The film of claim 3, wherein the semiconducting metal
oxide consists essentially of titanium dioxide.

5. The film of claim 1, wherein the encapsulating layer
completely encapsulates the molecular anchoring group of
the each of the photosensitizing dye molecules.

6. The film of claim 1, wherein the molecular anchoring
group of the each of the photosensitizing dye molecules com-
prises a carboxylate group.

7. The film of claim 1, wherein the molecular anchoring
group of the each of the photosensitizing dye molecules is
selected from a tetramethylsilane group, a cyanoacetic acid
group, a SO;H group, a PO;H, group, an acetyl-acetonate
group or a hydroxamate group.

8. The film of claim 1, Wherein the semiconducting metal
oxide comprises zinc oxide.

9. The film of claim 1, wherein the semiconducting metal
oxide comprises tin oxide.

10. The film of claim 1, wherein the porous film comprises
nanoparticles of the semiconductor metal oxide.

11. A dye-sensitized solar cell comprising:

(a) a photoanode comprising a transparent conductive sub-
strate and a film disposed on a surface of the transparent
conductive substrate, the film comprising:

(1) a porous film comprising a semiconducting, metal
oxide, the porous film having a surface;

(ii) photosensitizing dye molecules adsorbed to directly
the surface of the porous film, each of the photosen-
sitizing dye molecules comprising a chromophore

10

20

25

30

35

10

and a molecular anchoring group, wherein the
molecular anchoring group of the each of the photo-
sensitizing dye molecules attaches the chromophore
of the each of the photosensitizing dye molecules to
the porous film; and

(iii) an encapsulating layer on the surface of the porous
film, the encapsulating layer comprising the semicon-
ducting metal oxide, wherein the encapsulating layer
at least partially encapsulates the molecular anchor-
ing group of the each of the photosensitizing dye
molecules, but does not cover chromophore of the
each of the photosensitizing dye molecules the;

(b) a counter electrode comprising an electrically conduc-
tive material in electrical communication with the pho-
toanode; and

(c) a redox electrolyte disposed between, and in electrical
communication with, the photoanode and the counter
electrode.

12. The solar cell of claim 11, wherein the encapsulating
layer extends up to the chromophore of the each of the pho-
tosensitizing dye molecules.

13. The solar cell of claim 11, wherein the semiconducting
metal oxide is titanium dioxide.

14. The solar cell of claim 13, wherein the semiconducting
metal oxide consists essentially of titanium dioxide.

15. The solar cell of claim 11, wherein the molecular
anchoring group of the each of the photosensitizing dye mol-
ecules is selected from a carboxylate group, a tetramethylsi-
lane group, a cyanoacetic acid group, a SO;H group, a PO, H,
group, an acetyl-acetonate group or a hydroxamate group.

16. The solar cell of claim 11, Wherein the electrolyte is an
aqueous electrolyte.

17. The solar cell of claim 11, wherein the semiconducting
metal oxide comprises zinc oxide.

18. The solar cell of claim 11, wherein the semiconducting
metal oxide comprises tin oxide.

19. The solar cell of claim 11, here n the porous film
comprises nanoparticles of the semiconductor metal oxide.

#* #* #* #* #*
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